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Helium implantation can cause the formation of a helium gas-bubble superlattice in crystalline materials.
Experimental studies of the mechanical response of a material hosting such a superlattice are lacking,
especially at the microstructural level. By employing a novel, high-throughput, high-precision nanoscale
helium implantation technique, in combination with in-situ transmission electron microscopy nano-
mechanical testing, we ﬁnd that the helium-bubble superlattice structure in copper is disordered or
maintained depending on whether the material's plasticity occurs by multiple ordinary full dislocations
or by deformation twinning. In addition, helium implantation can harden the material signiﬁcantly: the
higher the dose, the larger the yield stress. The measured hardening behavior agrees well with the trend
predicted by the Friedel-Kroupa-Hirsch model. Our ﬁndings shed new light on understanding the me-
chanical and microstructural properties of materials subjected to intense helium generation by neutron
and alpha-particle bombardment in nuclear fusion, ﬁssion or spallation systems.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).Materials deployed in nuclear fusion, ﬁssion or spallation sys-
tems are subject to intense neutron radiation, challenging the
system integrity. The neutrons and charged particles generated can
cause displacement damage in the system component materials,
which may result in the development of larger extended defects
such as dislocation loops [1], voids [2], stacking fault tetrahedral
(SFT) [3] or even enhanced precipitation and segregation of ele-
ments [4]. In addition, neutron-induced nuclear reactions and
alpha-particle bombardment can generate large amounts of heli-
um, depending on the neutron energy spectrum and the target
material [5]. Typically, if the irradiation dose is high enough or at
elevated temperature, then the helium bubbles grow signiﬁcantly
[6,7]. However, if the irradiation temperature is below 35% of the
melting temperature of the material, a nano-sized helium gas-
bubble superlattice can form [8e11]. Helium gas-bubble super-
lattices in materials have been studied for decades, but little is
known about their behavior under mechanical loading and the
effect of an ordered helium-bubble structure on the host material's. Shan), peterh@berkeley.edu
Elsevier Ltd. This is an open accessmechanical properties. Understanding the behavior of gas-bubble
superlattices in response to an externally applied stimulus such
as a mechanical load is critical for the design of reliable radiation-
tolerant structures for clean and safe nuclear energy, in particular
nuclear fusion energy. In general, ordinary dislocation plasticity
(ODP) and deformation twinning (DT) are known to be responsible
for plasticity in metals. However, the question of how ODP and DT
interact with a bubble superlattice remains unanswered. Nano-
twinned structures have in fact been investigated as a promising
irradiation tolerant structure [12e14], thus it is of particular in-
terest to investigate how the bubble superlattice and the dose of
implanted helium affect the mechanical behavior of nanotwinned
structures.
For fundamental studies of material property changes as a
function of helium treatment, helium-ion implantation is often
deployed to selectively evaluate the effects of helium content, dose,
dose rate and temperature. In the work presented here, we chose
copper as a material representative of a large number of face-
centered-cubic alloys deployed in nuclear applications due to its
well-established structure-property relationships and a large
amount of existing data from nanomechanical testing. Focused ion
beam (FIB) machining was utilized to fabricate a series of pillars
suitable for in-situ transmission electron microscopy (TEM)article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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new implantation technique using a Helium Ion Microscope (HIM)
[15] to achieve localized helium implantation to transform fully
dense (FD) copper pillars into pillars with a gas-bubble superlattice.
Using a nanometer-precise implantation tool such as the HIM en-
hances sample throughput, repeatability, comparability and preci-
sion, since multiple doses can be implanted into individual pillars
all manufactured in precisely the same grain. This approach
dramatically reduces experimental errors arising from variations in
material between samples, or from varying irradiation conditions
while increasing the sample throughput dramatically so multiple
doses can be investigated in the same experimental run. Hence one
can solely focus on the speciﬁc variables under study enabling
unhindered evaluation of a speciﬁc phenomenon. To the best of our
knowledge this is the ﬁrst time the power of the HIM tool has been
combined with nanomechanical testing, allowing the design of
precise experiments investigating the behavior and inﬂuence of
helium-bubble superlattice deformation mechanisms (DT or ODP)
over a range of implantation doses.
Fig. 1a presents a schematic demonstrating the geometry of the
implantation process in which the FIB-fabricated nanopillars are
irradiated from opposite sides using a highly localized 25 keV he-
lium ion beam. It is interesting to note that the as-implanted pillars
show a rather homogeneous helium bubble distribution along the
implantation direction, as shown in the under-focused (1 mm)
bright-ﬁeld TEM image of a cross-sectioned pillar implanted to
2E17 He ions/cm2 inset in Fig. 1b. Due to the fact that the helium
bubbles are not visible under in-focus (minimum contrast) bright-
ﬁeld TEM conditions, images for defocused conditions (to enhance
phase contrast) were acquired. The helium concentration along the
implantation direction is estimated from the measured bubble
diameter (see detailed diameter measurement in Supplementary
Information, Fig. S1) using the equation of state [16e18]
assuming all the helium is contained in the bubbles. Following
this approach we obtain a helium concentration averaging at
around 4 atomic % (Fig.1b, data points in red; detailed calculation in
Supplementary Information, Fig. S3). For comparison, we also es-
timate the helium concentration for the given implantation dose
assuming a nanopillar with a square cross-section (Fig. S2),
obtaining a helium concentration of 8 atomic %. Considering that
some helium atoms might be lost due to diffusion near the surface,
these numbers are in reasonably good agreement. Fig. 1c is the
under-focused (1 mm) bright-ﬁeld TEM image of the helium gas-
bubble superlattice in single-crystal copper aligned along the [110]
zone axis. The observations indicate that the bubble arrangement
has a two-dimensional periodic character (Fig. 1c), as conﬁrmed by
fast Fourier transformation (FFT) of the defocused TEM image (inset
in Fig. 1c). Selected area diffraction pattern (SADP) measurements
from the entire pillar (Fig. 1d) demonstrate that the helium-bubble
superlattice lies in the host copper lattice. For copper pillars with
pre-existing twins, the bubble superlattice also exhibits a twin
characteristic. A typical example is shown in Fig. 1e (TEM) and 1f
(SADP). The green lines in Fig. 1e show the arrangement of helium
bubbles along the ð111Þ plane on both sides of the ð111Þ twin
boundary (TB) (red line), as conﬁrmed by the corresponding SADP
of the copper matrix. In addition, it is found that the TBs do not act
as defect sinks for helium, since no signiﬁcant difference in helium
bubble distribution along the TB versus each side is seen (Fig. 1e), in
good agreement with the results of a previous study of the inﬂu-
ence of a S3 TB on the formation of radiation-induced defects [19].
For doses up to 1E18 ions/cm2, the TBs remained straight and
largely unaffected by the helium implantation (Fig. S4), which is
different to the case for heavy-ion irradiation experiments per-
formed elsewhere for nanotwinned copper (using Cu3þ ions [20],
8.5 dpa) and nanotwinned silver (using Krþ ions [21], 0.6e1 dpa),where both TB migration and roughening were observed. Using the
Kinchin-Pease model in the Stopping Range of Ions in Matter
(SRIM) simulation software [22], we calculate that the 25 keV he-
lium ions used here produce up to nearly 40 dpa in the pillar
implantedwith the largest dose of 1E18 ions/cm2 (Fig. S5). Unlike in
the referenced work, in our case no obvious change in the TB is
observed. This could be due to the primary knock-on atom spec-
trum for heavy ions versus helium ions being signiﬁcantly different.
Other more recent codes exist such as Iradina [23] and 3-dimen-
sional Transport of Ions in Matter (3dTRIM) [24] but due to the
widespread use of the conventional SRIM we report the data using
[22].
In order to reveal the deformation behavior of copper containing
a helium-bubble superlattice in response to plastic deformation
with ODP as the dominating deformation mechanism, we chose to
fabricate and load pillars manufactured in single-crystal copper
with the loading direction along the 〈111〉 orientation (Fig. 2a). A
total of 20 pillars were tested. It was found that compared with FD
samples, the bubble-containing samples always exhibited much
higher ﬂow stress and smoother plastic ﬂow behavior. In addition,
the periodic arrangement of the bubble superlattice was lost after
intense plastic strain. A typical example of this phenomenon is
shown in Fig. 2 andMovie S1. The corresponding shear stress-strain
curve (shear stress given as the normal stress multiplied by the
Schmidt factor of 0.2357) is plotted in Fig. 2b (data in red) and gives
a critical resolved shear stress (CRSS) for yielding of 350 MPa
(denoted by label B in Fig. 2b), with the plastic ﬂow occurring in a
rather steady manner. This is in sharp contrast to the FD sample of
exactly the same dimensions under the same loading conditions.
The CRSS for yielding of the FD sample is only about 141 MPa
(denoted by label A in Fig. 2b) and the corresponding plastic
deformation exhibits marked serrated characteristics (Fig. 2b, data
in black). In-situ TEM observation indicated that ODP played a
dominant role in the plastic deformation of the implanted pillar.
After the mechanical test, the residual plastic strain reached ~16.7%.
Even though the copper matrix of the implanted pillar remained
obviously crystalline (as evidenced by the SADP shown inset in
Fig. 2c), the periodic arrangement of the helium bubbles was lost
(Fig. 2d). This phenomenon can be rationalized by the fact that for a
〈111〉 loading direction, six slip systems have equivalent Schmidt
factors and therefore multiple slip systems are active. Due to the
fact that the helium bubbles interact with several different slip
systems and therefore with different Burgers vectors in different
directions, the bubbles experience interactions in different di-
rections and lose their ordered structure.
In order to investigate DT deformation in the implanted pillars, a
second series of tests with the loading direction along the 〈200〉
direction was performed, where deformation by DT is favored [25].
In this case the scenario is signiﬁcantly different, with both the
copper matrix and the bubble superlattice exhibiting twinning. A
typical example is shown in Fig. 3, Movie S2. The corresponding
shear stress-strain curve (shear stress given by the normal stress
multiplied by the Schmidt factor of 0.471) is plotted in Fig. 3b (data
in red). The dark-ﬁeld TEM image of the twinning region after
deformation is shown in Fig. 3c and the inset gives the SADP
showing the twinning relationship of the crystals, where the yellow
and green rectangles show the characteristic parallelogram grids of
the matrix and twin diffraction patterns, respectively. The high-
magniﬁcation under-focused (1 mm) bright-ﬁeld TEM image of
Fig. 3d clearly shows that the helium-bubble superlattice was
maintained after the twinning of the matrix. Upon careful exami-
nation it is found that the bubble superlattices on both sides of the
twin boundary (red line in Fig. 3d) also exhibit a twin relationship,
as evidenced by the FFT of the matrix (Fig. 3e) compared with that
of the twin (Fig. 3f). The yellow line in Fig. 3d shows the
Fig. 1. Nanoscale localized helium-ion implantation and helium gas-bubble superlattice formation in single-crystal copper and nanotwinned copper. (a) Schematic of
helium implantation technique. (b) Concentration proﬁle along the implantation direction in the copper nanopillar implanted to a dose of 2E17 He ions/cm2 (corresponding under-
focused (1 mm) bright-ﬁeld TEM image of cross-sectioned pillar inset) (c) Under-focused (1 mm) bright-ﬁeld TEM image of the helium gas-bubble superlattice in single-crystal
copper aligned along the [110] zone axis with FFT inset. (d) FFT spots from the helium gas-bubble superlattice (shown in blue) and SADP of host single-crystal copper lattice from (c).
(e) Under-focused (1 mm) bright-ﬁeld TEM image of helium gas-bubble superlattice in nanotwinned copper. (f) SADP of nanotwinned copper matrix from (e). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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matrix and the green line marks the bubble arrangement along the
ð111ÞHe plane in the twin. The two bubble superlattices are sym-
metrical about the ð111Þ twin plane. Thus when the host crystal
lattice suffers deformation twinning, so does the helium-bubble
superlattice. Fig. 3g shows a schematic illustration of this twin-
ning behavior (see Fig. S6 for a schematic showing the steps of the
transformation). Note that during the interaction between the he-
lium bubble and the partial dislocation in the schematic, the bubble
is sheared and therefore changes its shape in the process. In our
work, bubble deformationwas not observed, which could be due to
shape recovery by surface diffusion and the energetically favorableshape of a sphere. However, we also note that insufﬁcient spatial
resolution of the low-magniﬁcation TEM images may also have
prevented observation of any bubble deformation. Examination of
the TEM movies recorded during the compression testing showed
that the nanopillars were in fact ﬁrst deformed via the motion of
ordinary dislocations and were then twinned when the stress
reached a certain value. Interestingly, the twins were nucleated
early and easily in the implanted pillar (CRSS of 236 MPa denoted
by label C in Fig. 3b) compared to the FD sample (CRSS of 377 MPa
denoted by label D in Fig. 3b). However, after twin nucleation, twin
propagation in the implanted sample was more difﬁcult than in the
FD sample, as evidenced by obvious differences in the strain bursts
Fig. 2. Disordering of the helium gas-bubble superlattice after ODP by multiple dislocation slip. (a) Dark-ﬁeld TEM image of 〈111〉-orientation copper nanopillar of diameter
250 nm before compression. (b) Engineering shear stress versus engineering strain curves for as-fabricated pillar (black) and pillar implanted with 2E17 He ions/cm2 (red). (c) Dark-
ﬁeld TEM image of copper pillar after 18% compression strain with SADP inset. (d) Under-focused (1 mm) bright-ﬁeld TEM image of helium bubbles in the copper pillar of (c) with
FFT of helium bubbles inset. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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strain softening was observed in the form of a large abrupt strain
burst. In contrast, twin propagation in the sample containing the
bubble superlattice consistently required higher stress.
The enhanced resistance to TB migration in samples containing
the helium bubbles will mainly be due to the elastic interaction
between the twinning partial dislocations and the helium-bubble
superlattice. In order to investigate the effect of the bubble super-
lattice on TB migration/twinning partial dislocation motion quan-
titatively, copper pillars containing initial growth twins were
fabricated, implanted to different doses (up to 1E18 He ions/cm2)
and subsequently tested by in-situ TEM. Three nanotwinned pillars
with the same crystallographic orientation and similar TB densities
(insets in Fig. 4a) were FIB-milled from one large grain (see Fig. S7).
We ﬁnd that the ﬂow stress of the implanted nanotwinned copper
increases with increasing dose, as shown in Fig. 4a. The slanted TBs
inside the three pillars were unstable and migrated in response to
the externally applied load (as shown in Movies S3, S4 and S5). The
acquisition of the mechanical data and the microstructural evolu-
tion following the in-situ TEM approach allowed us to quantify the
stress at which TB motion occurs. In other words, the CRSS for TB
migration could be measured experimentally. For the as-fabricated
non-implanted pillar, and the pillars implanted with 2E17 He ions/
cm2 and 1E18 He ions/cm2, the CRSS values are 205 ± 23 MPa,
351 ± 40 MPa, and 456 ± 11 MPa, respectively. These values appear
in the summary plot of Fig. 4b as solid black circles.
So far, we demonstrated that helium implantation can hardenthe host material signiﬁcantly in the dose ranges investigated
regardless of the dislocation type (partial or full). Numerous works
have focused on helium hardening mechanisms in materials
deformed through full dislocations. However, much less investi-
gated is the precise nature of the interaction between helium
bubbles and twinning partial dislocations. In the remaining we
address this unsolved issue. The barrier strength, deﬁned as a¼ tyl/
Gb, has been used to evaluate the strength of the obstacles to
dislocation motion, where ty is the CRSS for yielding, l is the
average space between obstacles, G is the shear modulus, and b is
the Burgers vector of the dislocations.We calculate a to be 0.05 for a
full dislocation slip dominated 〈111〉 single crystal implanted with
2E17 ions/cm2 (Fig. 2), and 0.06 and 0.1 for partial dislocation
dominated TB migration in nanotwinned pillars implanted to
2E17 ions/cm2 and 1E18 ions/cm2, respectively (Fig. 4). The low
barrier strengths calculated here indicate that the Friedel-Kroupa-
Hirsch (FKH) model may thus be applicable, since this is the
model often used to describe the elastic interaction of dislocations
with weak obstacles having a defect cluster barrier strength of
a < 0.25 [26]. The increase in CRSS introduced by the obstacles,
DtHe, depends on the helium bubble size and density according to
the following relation [26]:
DtHe ¼
1
8
GbdN2=3 (1)
where N and d are the density and diameter of the helium bubbles,
Fig. 3. Twinning-like transformation of helium gas-bubble superlattice after DT. (a) Dark-ﬁeld TEM image of <100>-orientation copper nanopillar of diameter 210 nm
before compression. (b) Engineering shear stress versus engineering strain curves for as-fabricated pillar (black) and pillar implanted with 2E17 He ions/cm2 (red). (c) Dark-ﬁeld
TEM image of copper pillar after 17% compression strain: DT was observed (SADP inset). (d) Under-focused bright-ﬁeld TEM image showing symmetrical helium bubble distribution
in the matrix and twin. (e) FFT of the region in the twin. (f) FFT of the region in the matrix. (g) Schematic showing the twinning-like transformation of the helium gas-bubble
superlattice. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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bubble diameter and the corresponding TEM defocus condition
[27]. An example is shown in Fig. S1. For the 〈111〉-oriented single-
crystal copper pillar implanted with 2E17 ions/cm2 using a beam
current of 7 pA (Fig. 2), N is 2.54E25 m3 and d is 1.48 nm. For the
nanotwinned copper pillars implanted with 2E17 ions/cm2 and
1E18 ions/cm2 using a beam current of 40 pA, N is 2.48E25 m3 and
2.1E25m3, and d is 1.37 nm and 2.23 nm, respectively. All the CRSS
values calculated using the FKH model are plotted in Fig. 4b (solid
green triangle for 〈111〉-oriented single-crystal pillar and solid blue
triangle for nanotwinned pillar). For the single-crystal and nano-
twinned samples implanted to the lower dose of 2E17 ions/cm2, the
experimentally determined values are quite close to those esti-
mated by the FKH model. Thus we conclude that the interactions
between the helium gas-bubble superlattice and the full/partial
dislocations can both be described well by the FKH model. How-
ever, for the higher dose of 1E18 ions/cm2 in the nanotwinned
copper pillar, the FKH model underestimates the CRSS of TB
migration (estimate is 365 MPa) when compared with the experi-
mentally measured value (456 ± 11 MPa) (Fig. 4b). We note that all
experiments conducted in this work were performed within 1e2
days of the helium implantation, which does raise the question of
whether the extremely highly dosed samples reached a steady-
state condition. Possibly the helium bubbles become over-
pressurized resulting in a strengthened material due to the fact
that a stronger dislocation/bubble interaction might occur. Alter-
natively one might speculate that helium remaining in the matrix
might cause solid solution hardening. However, given the short
distance over which the helium would have to diffuse to reach the
next bubble, the second case seems unlikely. In order to verify theabove we performed an additional test of two samples two weeks
after helium implantation in order to allow enough time for the
sample to reach an equilibrium state at room temperature. Inter-
estingly, the strength decreased to the levels estimated by the FKH
model (red data in Fig. 4b). Therefore, the mechanical properties
measured directly after implantation are representative of a
stronger dislocation barrier. The speciﬁc reasons for the aging
behavior of the material have yet to be understood. However, while
the absolute measured stress values change upon aging, the basic
observations of strengthening upon implantation are still the same,
and furthermore the twinning behavior of the host lattice and
bubble superlattice remain unchanged by the aging process.
In summary, we have investigated the fundamental behavior of
helium gas-bubble superlattices during deformation twinning and
ordinary dislocation plasticity deformations. When the host matrix
undergoes deformation twinning, the helium-bubble superlattice
itself also exhibits twinning-like transformations as a result of
directional intersection of the lattice by twinning partial disloca-
tions. In contrast, the random dislocation motions characteristic of
multiple ordinary dislocation plasticity result in a disordering of the
periodic arrangement of helium bubbles. Taking advantage of the
novel, highly controllable helium implantation technique localized
to the nanoscale, we quantitatively studied the dose effect on the
mechanical strength and critical resolved shear stress for yield as
well as twin boundary motion: the higher the dose, the larger the
yield stress and the critical resolved shear stress. We found that
helium bubbles induced via high dose-rate implantation are not in
full equilibrium with the matrix and aging phenomena can occur.
The strengthening induced by equilibrated helium bubbles can be
described by the Friedel-Kroupa-Hirschmodel, which appears to be
Fig. 4. Increase in TB migration resistance as a result of helium implantation. (a)
Engineering normal stress versus engineering strain curves for as-fabricated,
2E17 He ions/cm2 and 1E18 He ions/cm2 nanotwinned pillars. The insets are the
dark-ﬁeld TEM images of three copper pillars containing initial growth twins
implanted to different doses of helium atoms. (b) Comparison of the experimentally
determined and FKH-model calculated CRSS values for ODP in helium-implanted
single-crystal (SC) copper pillars and for TB migration in helium-implanted nano-
twinned (NT) copper pillars.
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dislocation interactions.
1. Experimental section
The nanopillars used in this study were all fabricated by FIB
milling (FEI Quanta) using 25 keV gallium ions and currents varying
from 1.0 nA to 1.6 pA. Two types of nanopillars with different mi-
crostructures were studied, single-crystal copper (〈111〉-oriented
and 〈001〉-oriented) and nanotwinned copper. All pillars had a
diameter of ~250 nm. The 〈111〉-oriented single-crystal pillar was
expected to deform by ordinary dislocations and hence enable the
study of the helium gas-bubble superlattice in a metal matrix
experiencing ordinary dislocation plasticity, whereas the 〈001〉-
oriented single-crystal pillar was expected to exhibit deformation
twinning to enable study of the helium gas-bubble superlattice
upon deformation of the metal matrix by twinning. The nano-
twinned pillars with slant twin boundaries (TBs) were milled from
a polycrystalline nanotwinned copper foil, which was synthesized
by means of pulsed electrodeposition. A thin region with a thick-
ness of several micrometers was obtained by mechanical polishing
followed by chemical polishing in a solution of methanol with 5
vol.% (vol/vol) nitric acid. The copper nanopillars containing slant
TBs were then fabricated in this thinned region.
Nanoscale localized helium implantationwas performed using a
Zeiss ORION NanoFab Helium Ion Microscope. In the present work,single-crystal copper nanopillars were implanted with 2E17 ions/
cm2 at 25 keV using a beam current of 7 pA. The nanotwinned
copper pillars were implanted with 2E17 ions/cm2 and 1E18 ions/
cm2 using 25 keV helium ions at a current of 40 pA. The pixel dwell
time for all implantation scans was set to 10 ms and the pixel (x, y)
scan spacings were ﬁxed at 7.69 nm (the nominal probe size is
0.5 nm). Subsequent in-situ TEM compression testing was carried
out inside a JEOL 3010 TEM using a Hysitron PicoIndenter (PI95) in
displacement-control mode. The loading ratewas set to 5 nm/s. The
corresponding strain rate was calculated to be around 103 s1. The
evolution of microstructures during deformation was recorded
using a Gatan833 (SC200) CCD camera.
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